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ABSTRACT
A number of current and future experiments aim to detect the reionization of neu-
tral hydrogen by the first stars and galaxies in the Universe via the redshifted 21cm
line. Using the BlueTides simulation, we investigate the measurement of an aver-
age ionised region towards the beginning of reionization by stacking redshifted 21cm
images around optically identified bright galaxies using mock observations. We find
that with an SKA 1000 hour observation, assuming perfect foreground subtraction, a
5σ detection of a stacked HII region can be made with 30 images around some of the
brightest galaxies in bluetides (brighter than MUV < −22.75) at z = 9 (correspond-
ing to a neutral fraction of 90.1 % in our model). If the HII regions are detected with
high certainty, we can recover simulated relationships between the UV magnitude of
galaxies and the sizes of the ionised regions they reside in. These mock observations
can also distinguish between scenarios where the IGM is in net emission or absorption
of 21cm photons. Once 21cm foreground contamination is included, we find that even
with up to 200 images around these rare, bright galaxies, only a tentative > 1σ detec-
tion will be possible. However, partial foreground subtraction substantially improves
signal-to-noise. For example, we predict that reducing the area of Fourier space dom-
inated by foregrounds by 50 (80) percent will allow > 3σ (> 5σ) detections of ionised
regions at z = 9.
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1 INTRODUCTION
The reionization of cosmic hydrogen is believed to have orig-
inated in the densest regions in the Universe, where bright
star-forming galaxies were more highly clustered. These first
ionised regions are predicted to grow and overlap, filling the
IGM by z ∼ 6 (e.g: Greig & Mesinger (2017)).
Radio observations of the redshifted 21cm line from the
hyperfine splitting of atomic hydrogen currently present the
most promising future probe of the epoch of reionization.
Radio interferometers aim to detect the EoR in one of two
ways. Most first generation low frequency radio telescopes
such as the Murchison Widefield Array (MWA)1 and the
Low Frequency Array (LOFAR)2, along with the more sen-
sitive second generation telescope Hydrogen Epoch of Reion-
? E-mail: daviesje@student.unimelb.edu.au
1 http://www.mwatelescope.org/
2 http://www.lofar.org/
ization Array (HERA)3 aim to detect the epoch of reioniza-
tion statistically by measuring the 21cm power spectrum.
Another second generation telescope, the Square Kilometre
Array (SKA)4, also aims to image reionization directly in
21cm emission (Mellema et al. 2013). In this paper we fo-
cus on images of ionised regions around bright galaxies at
high redshift. A number of works have considered identifying
HII regions around individual sources using matched filters
and imaging (Datta et al. 2007, 2008; Majumdar et al. 2012;
Ghara et al. 2017; Ghara & Choudhury 2019; Hassan et al.
2019), and similar methods using high-redshift quasars were
proposed in Wyithe et al. (2005); Kohler et al. (2005); Geil &
Wyithe (2008); Ma et al. (2020). Since these methods work
with single images, they require relatively large bubbles, and
nearly perfect subtraction of radio foregrounds in order to
3 https://reionization.org/
4 https://www.skatelescope.org/
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detect the EoR. Thus, imaging an individual HII region to-
ward the beginning of reionization will be difficult. How-
ever, since galaxies are much more common than quasars,
we can stack 21cm images around selected bright galaxies, in
analogy to high-z HI detections (Blyth et al. 2015), taking
advantage of synergies between 21cm and optical-infrared
observations in order to average out noise and boost the
signal, facilitating observations of smaller HII regions.
Simulations suggest that the brightest galaxies at high
redshift will likely sit in the first ionised regions. Not only do
these galaxies produce a large number of ionising photons,
but they are also more likely to be inside the dense, clustered
filaments of the cosmic web, with many neighboring galax-
ies and quasars which also emit ionising photons (Geil et al.
2017). 21cm images around these objects would show an
ionised region approximately centered on the bright galaxy.
If many of these images were stacked, we would see an av-
erage ionised region around the brightest galaxies. These
stacks will provide an alternative detection strategy which
could increase the sensitivity of observations, allowing us to
probe further into the EoR and understand the nature of
the galaxies that reionised the Universe.
In this work, we investigate stacking of 21cm intensity
maps around bright galaxies using the reionization history
and galaxy population from the Bluetides cosmological
simulation. We draw connections between the appearance of
these stacked profiles, the properties of the sources they are
centred on, and the distribution of ionised hydrogen in the
early Universe. Using these relations from the simulation,
we predict the signal for upcoming galaxy samples from the
Wide-Field Infrared Survey Telescope (WFIRST) High Lati-
tude Survey (HLS) and observations of the redshifted cosmo-
logical 21cm signal from the low-frequency Square Kilometer
Array (SKA1-low).
This strategy was proposed in Geil et al. (2017), where
analytic spherical HII regions were constructed from sim-
ulated luminosity functions and simulated relationships be-
tween HII region size and UV luminosity. We expand on this
idea in this work by directly stacking 21cm intensity maps in
BlueTides, thereby including the effects of asymmetric HII
regions, galaxies laying off-center relative to the HII regions
they reside in, as well as the effect of radio foregrounds.
This paper is laid out as follows: Section 2 covers the
details of the BlueTides simulation, as well as the method-
ology for calculating the 21cm brightness temperature pro-
files and stacking them. Section 3 covers the details of our
mock observations, including number of available galaxies
and SKA1-low thermal noise. Section 4 shows our results,
including how average HII regions are detected, inference
of the mean bubble radius from stacked images, and corre-
lations with galaxy luminosity and spin temperature. Sec-
tion 5 explores the effects of observational limitations on
this method by including the effect of radio foregrounds. We
conclude in Section 6.
2 SIMULATION
The Bluetides simulation (Feng et al. 2016) is a cos-
mological hydrodynamic simulation within a cube of side
length 400h−1 comoving Mpc. It contains 2 × 70403 dark
matter and baryonic particles of mass 1.2 × 107h−1M and
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Figure 1. UV Magnitude function predictions from Bluetides.
Luminosity functions are shown at redshifts z =11, 10, 9 and 8.
2.36 × 106h−1M, respectively. Particle snapshots are avail-
able from z = 99 down to z = 7 (Marshall et al. 2019; Ni
et al. 2019).
Bluetides uses a pressure-entropy formulation of
Smoothed Particle Hydrodynamics (Read et al. 2010; Hop-
kins 2013). This includes a multi-phase star formation model
(Springel & Hernquist 2003; Vogelsberger et al. 2013), cool-
ing via radiative processes (Katz et al. 1996), metal cool-
ing (Vogelsberger et al. 2014a), the effects of molecular
hydrogen on star formation (Vogelsberger et al. 2014b),
a type II supernovae feedback model (Okamoto et al.
2010), and a super-massive black hole model (Di Mat-
teo et al. 2005). Bluetides is the largest high-redshift
hydrodynamic simulation run to date. The large volume
allows us to have statistically significant samples of ob-
servable galaxies at the beginning of reionization. The
WMAP9 cosmology (Hinshaw et al. 2013) is used in blue-
tides and throughout this work: {Ωm,Ωb,ΩΛ, h, σ8, ns} =
{0.2814, 0.0464, 0.7186, 0.697, 0.820, 0.971}.
In this work, we investigate how the properties of the
brightest galaxies correlate with the structure of the 21cm
signal. The UV magnitude distributions for these galaxies in
BlueTides at redshifts 11, 10, 9, and 8 are shown in Figure
1. These have been shown by Feng et al. (2016), Waters et al.
(2016), and Wilkins et al. (2017) to be consistent with cur-
rent observations. These distributions are used to estimate
the number of galaxies per SKA field which are available
for stacking. The neutral fraction xHI is set by the paramet-
ric reionization model used in BlueTides (Battaglia et al.
2013), which takes as input the density field at the chosen
median redshift of reionisation z¯ = 8 (consistent with con-
straints from Greig & Mesinger 2017). A bias function is
applied to the density field, which accounts for the correla-
tion between the redshift of reionisaiton and density fields
on different scales, calibrated to hydrodynamic and radiative
transfer simulations. This process results in reionization red-
shift (zreion) field in a 4003 (1 h−1cMpc resolution) grid for the
simulation. The neutral fraction in each cell (xHI) at a par-
ticular redshift z is set to unity in cells where zreion < z, and
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zero otherwise. The global neutral fraction and topology of
reionization in BlueTides are shown in Figure 2.
This method does not directly take into account source
properties, which may contribute to the positions of the
brightest galaxies within HII regions, and the asymmetry
of those regions. It is possible that a model that computes
ionisation structure directly from emitted ionising photons
would result in early HII regions being more spherical, and
centred closer to the brightest galaxies within them (e.g:
Geil et al. 2017), making them easier to detect in stacked
images.
This reionization grid is applied in post-processing,
meaning inhomogeneous feedback from reionization is not
included. However, since we are studying the earliest phases
of reionization, around the brightest galaxies in the simula-
tion which are well above the Jeans mass, we do not expect
reionization feedback to have a large effect. Estimated bub-
ble sizes for the brightest 15 galaxies at redshift 9, where the
global volume-weighted neutral fraction is 90.1%, are shown
in Figure 3. Although these are the brightest galaxies in the
simulation, they do not necessarily reside in the centre of the
largest HII regions in the simulation. Many of these bright
galaxies are off-centre in these regions, and many have larger
HII regions nearby that the galaxy itself is not a part of.
We calculate an estimate of the true size of HII regions
in the simulation via a ray-tracing method, taking the av-
erage distance from each galaxy to the nearest ionisation
boundary (where XHI < 0.5) in 1000 randomly selected di-
rections (e.g: Geil et al. 2017). The distribution of HII region
sizes, calculated via this ray-tracing method, plotted against
the UV magnitude of the brightest galaxy within them is
shown in Figure 4.
We calculate the 21cm brightness temperature in the
Bluetides volume using (Furlanetto et al. 2006):
δTb,21 = 27K
(
Ωbh2
0.023
) (
0.15
Ωmh2
1 + z
10
)1/2
(
1 − TCMB
Ts
)
(1 + δ)xHI (1)
where Ωb and Ωm are the abundances of baryons and mat-
ter respectively, Ts is the 21cm spin temperature, TCMB =
2.73(1+ z) is the temperature of the cosmic microwave back-
ground, and xHI is the local neutral fraction.
Unless otherwise stated, we assume the IGM is ‘satu-
rated’, where the spin temperature term in the above equa-
tion TCMBTs ≈ 0, and the IGM is always seen in net emission of
21cm radiation. In section 4.4, we examine an ‘unsaturated’
case which follows the global spin temperature evolution of
the ‘bright galaxies’ scenario from the Evolution of 21cm
Structure (EOS) simulations (Mesinger et al. 2016), which
has a similar neutral fraction evolution to our reionization
model. Using this spin temperature evolution, at redshifts
11,10, 9 and 8 the brightness temperature of neutral hy-
drogen at mean density is -98.6, -41.6, -1.06 and 18.7 mK
respectively.
2.1 Stacking
We centre mock δTb observations around galaxies in Blue-
Tides. The centre point of each image is slightly displaced
from the galaxy along the line-of-sight to model redshift un-
certainties (see section 3.1). Each grid cell is then assigned
a redshift depending on its distance from this point along
the line-of-sight direction, where the central point is always
at the redshift of the simulation snapshot. 21cm grids are
then stacked in 80 × 80 × 80 h−1Mpc sub-cubes, centred on
the closest cell to the central point, so that grid cells are
aligned.
While the reionization model produces asymmetric HII
regions, even towards the beginning of reionization, we ex-
pect a signal that is roughly cylindrically symmetric after
stacking, since the amount and direction of asymmetry will
be uncorrelated between each HII region. The right panel of
figure 3 shows the HII profile of a region stacked around the
brightest 15 galaxies in BlueTides. Along with the asym-
metry of the ionised regions, the mis-centreing of bright
galaxies within HII regions is the largest source of error
when inferring statistics of the bubble size distribution from
stacked profiles. Both of these effects will smooth out the
stacked profiles depending on the average amount of asym-
metry or the average distance of each galaxy from the centre
of its HII region. However, the stacked profile itself will still
be approximately symmetrical.
3 MOCK OBSERVATIONS
3.1 Mock Surveys
The signal for stacked 21cm images will be sensitive to
the number of visible galaxies in the SKA field. The num-
ber of galaxies that we would expect to find in a survey
can be calculated from the bluetides luminosity function
and the SKA survey volume, determined by central red-
shift z, depth ∆z (such that the redshift boundaries are
at z ± ∆z/2), and the field of view ΩSKA = pi4
(
λ
D
)2
. Here
λ is the observed wavelength of rest-frame 21cm radiation
at the redshift of observation, D is the station diameter
of 35m. At redshifts z = {11, 10, 9, 8}, the field of view is
ΩSKA ≈ {13.4, 11.2, 9.28, 7.52} square degrees respectively.
The predicted number of galaxies brighter than a lim-
iting UV magnitude Mcut at redshift z in the SKA field
of view with depth ∆z is shown in Figure 5. At redshift
9 and with a depth of ∆z = 1, we would expect to have
1112 galaxies brighter than Mcut = −20.75 in the vol-
ume. Magnitude cuts are chosen based on the WFIRST
HLS 5σ limit at the redshift upper bound in the chosen
volume, and those cuts at redshifts z = {11, 10, 9, 8} are
Mcut = {−21.03,−20.90,−20.75,−20.59} respectively. At red-
shifts z = {11, 10, 9, 8} the number of galaxies above the mag-
nitude cut in the bluetides volume that we sample from
is 132, 633, 3241, and 12837, and the number of sampled
galaxies within a SKA field of view is 54, 239, 1112, and
3936 respectively.
The instrument used to observe these galaxies is also im-
portant in providing accurate locations, particularly along
the line-of-sight. Uncertainty in the positions of bright
galaxies smooths out brightness temperature profiles when
stacked, resulting in shallower signals that are harder to de-
tect. WFIRST grism spectroscopy will have an associated
redshift error of σz = 0.001(1 + z) (Spergel et al. 2015). At
redshift 9, this results in a line-of-sight position uncertainty
MNRAS 000, 1–11 (2019)
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Figure 2. Redshift of reionization slice (left) and global neutral fraction (right) in the Bluetides reionization scenario we use. The EoR
has a median redshift of z = 8, and a duration in redshift of roughly ∆z = 2.
Figure 3. The brightest 15 galaxies at redshift 9, xHI = 90.1%, the surrounding ionisation fields, and estimated individual bubble sizes
from ray-tracing (shown as circles centred on each galaxy). The dimensions of each slice are 40 x 40 x 5 h−1Mpc. The color represents
the average volume-weighted neutral fraction along the 5 h−1Mpc depth of each slice. We also show the stacked profile of these 15 ionised
regions in the rightmost panel, illustrating how stacking can smooth over the asymmetry of individual HII regions
of σd = 2.56 h−1cMpc. Angular position uncertainty is as-
sumed to be negligible.
3.2 Instrument Sensitivity
In order to create mock observations, we use the package
21cmSense5 (Pober et al. 2013, 2014) to create realisations
of thermal noise for the SKA1-low. 21cmsense takes the
antenna configuration of SKA1-low6, along with the system
5 https://github.com/jpober/21cmSense
6 The antenna layout used is the SKA1-low Configuration V4a
temperature and dish size, to calculate sensitivity to line-
of-sight and perpendicular modes at a certain frequency.
We use the 21cm rest-frame frequency at the snapshot red-
shift as our central frequency, and generate 2D sensitivity
power spectra using 21cmsense. Assuming cylindrical sym-
metry, we interpolate the 2D power spectra to the same
modes sampled by our brightness temperature grids, gener-
ating fluctuation amplitudes for each point in Fourier space
for a 1080 hour observation (more detailed parameters used
in the package can be found in Table 1). This is then added,
with a random phase for each mode (assuming uncorrelated
noise between modes), to the Fourier transform of the bright-
MNRAS 000, 1–11 (2019)
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Figure 5. Number of expected galaxies brighter than a UV mag-
nitude Mcut within a volume of a survey with the SKA field of
view and depth ∆z. Contour lines are drawn at 1, 10, 30, 100,
200, 500, 1000, and 5000 galaxies.
ness temperature grids from BlueTides to simulate thermal
noise from SKA1-low.
Regions of Fourier space in the simulation that are not
probed by the instrument are discarded in both the image
and noise cubes, including the k = 0 modes. We make ad-
ditional cuts in Fourier space above k⊥ = 1.5h cMpc−1 and
k ‖ = 1.5h cMpc−1. This acts as a low-pass filter which re-
moves the higher small scale noise while retaining most of
our signal, which will usually be several h cMpc−1 wide due
Parameter Value
Integration time 60s
Observing days 180
Hours per day 6
Station diameter 35m
Reciever temperature 50K
Number of Antennas 513
Longest baseline used 10km
Table 1. Observing parameters to calculate the thermal noise for
SKA1-low with 21cmSense
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Figure 6. 21cm thermal noise of SKA1-low on sampled scales
above 1cMpc−1h. Produced by the package 21cmcense at redshift
9.
to the size of the HII regions. This filter smooths over both
perpendicular and line-of-sight modes, since we expect the
signal to be roughly symmetrical, however in practice taking
different k ‖ cuts makes little difference to our results. Results
in Section 4 assume perfect subtraction of radio foregrounds.
In Section 5 we show results including model foregrounds by
excluding areas of Fourier space below a certain line (e.g:
Hassan et al. 2019). Figure 6 shows the 2D sensitivity power
spectrum under the parameters laid out above, before cuts
to Fourier space are made.
4 RESULTS
We begin by considering the stacks of brightness tempera-
ture fields around up to 128 galaxies in the Bluetides sim-
ulation. We build a sample of galaxies by first estimating the
number of galaxies brighter than the WFIRST HLS 5σ UV
magnitude limit (Mcut = −20.75), in a volume determined by
a central redshift z = 9 with depth ∆z = 1, and the field of
view for the Square Kilometer Array (9.28 square degrees at
z = 9). This results in 1112 galaxies. This number of galaxies
are sampled from the Bluetides galaxies at the central red-
shift and above the same magnitude cut with replacement,
MNRAS 000, 1–11 (2019)
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Figure 7. Top: 60 × 60 × 5cMpch−1 21cm brightness temperature
slices of the single (left), 10 (middle), and 30 (right) brightest
galaxies in our sample at redshift 9. The central region becomes
clearer as more images are stacked. bottom: A 1-Dimensional view
of the same galaxies as the top panel, showing the brightness tem-
perature through the line-of-sight of the galaxy averaged along a
5 × 5 cMpch−1 column.
representing a sample of available galaxies in an SKA1-low
field. The regions around up to the brightest 128 of these
galaxies are then selected as our sample for stacking. We take
a random rotation and reflection along two axes, and keep
the line-of-sight axis constant for the purposes of adding red-
shift uncertainty (this gives us 8 possible configurations per
galaxy in Bluetides). The top panel of Figure 7 shows a
comparison of the brightness temperature around the bright-
est galaxy in one sample compared to a stack of the 10 and 30
brightest galaxies in the same sample. Given noise, redshift
errors, asymmetry and mis-centreing of the ionised region
as shown in figure 3, distinguishing a single ionised region
from the background could be difficult for some galaxy sam-
ples. However stacking many regions diminishes background
fluctuations, asymmetries and noise, resulting in an average
bubble profile which is roughly Gaussian. As we increase the
number of galaxies stacked, background variation decreases
and the average profile converges. The bottom panel of Fig-
ure 7 shows the decrease in background noise and fluctua-
tions as we stack greater numbers of images along the line
of sight spectra averaged within a 5 h−1cMpc wide aperture.
4.1 Detecting HII regions in stacked images
The average ionised region profile is fit to a 3D Gaussian
with separate widths along the line-of-sight and sky plane,
using a Monte-Carlo Markov Chain fitting method of the
form,
f (ρ, z) = Ae
−
(
ρ2
2σ2ρ
+ z
2
2σ2z
)
, (2)
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Figure 8. Convergence of the Gaussian amplitude (top) and
width (middle) versus number of stacked images, the amplitude
becomes inconsistent with random pointings, where amplitude is
fit closely to zero (see Appendix A). The SNR (bottom) reaches
5 at ∼ 30 stacked images. Errorbars are 1σ.
where ρ is the transverse distance from the centre of the
image, and z is the line-of-sight distance.
We choose A as the parameter describing the depth (or
height) of the profile, and σρ as the parameter describing its
width. We require separate widths along the two dimensions
in order to fit the profiles because redshift uncertainty will
elongate the profile along the line-of-sight. We note that σz is
not truly a free parameter, as it results from the convolution
of a spherically symmetric Gaussian with the redshift uncer-
tainty. However, we take the conservative approach of allow-
ing it to take any value in our fits. It also becomes necessary
to fit separately to σz when modelling foreground contami-
nation, where the small-scale sky-plane structure and large-
scale line-of sight structure is removed, changing the shape
of the profiles. Since σz contains no new information about
the underlying HII structure however, it is not used for infer-
ence in this work. We do not fit to a background brightness
temperature, since in our treatment of instrument noise, we
remove the zero mode in Fourier space, so that the image
effectively has zero mean.
We can look at the effect of stacking more quantita-
tively, in terms of the fit parameters (A, σρ) and bootstrap
sampling of the image stacks. We take 128 bootstrap samples
of the same size, giving us different realisations of available
galaxies, HII regions, and instrumental noise. We choose the
depth of the stacked absorption to measure the strength of
the signal. Our Monte-Carlo fitting process gives us a mean
µA and standard deviation σA in depth. For comparion, we
perform the same analysis on stacked images of random lo-
cations in the BlueTides volume. We find that amplitudes
are distributed closely around zero, and widths are widely
distributed around the scale of density fluctuations and in-
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strument noise (see appendix A for distributions of param-
eter for random pointings). Since this wide range includes
the width of many HII regions, we only use the amplitude
as a metric of detection.
We calculate the signal to noise ratio (SNR) by com-
paring the distributions of fitted depths between the stacked
images of galaxies and random pointings. We find that both
distributions are roughly Gaussian, so we characterise them
by their means µA, µR and standard deviations σA, σR where
the subscript A refers to the galaxy case, and R to the ran-
dom pointings.
The signal to noise radio in this case is the mean of the
distribution of differences in fit amplitude between galaxy
and random pointings, divided by the standard deviation of
this difference:
SNR =
|µdiff |
σdiff
≈ |µR − µA |√
σ2R + σ
2
A
. (3)
Figure 8 shows the convergence of our Gaussian fit param-
eters as more images are stacked. The stacked images reach
a SNR greater than 5 at 30 images.
We find that the SNR increases more slowly as the num-
ber of stacked images increases. This is because the smaller
HII regions around dimmer galaxies are being added to the
stack, resulting in a slightly shallower and narrower pro-
file. Eventually, the SNR gain by reducing background fluc-
tuations will be overcome by the decrease in fit amplitude
caused by smaller ionised bubbles around dimmer galaxies
being added to the stack. However, with <100 galaxies, we
do not reach the turning point in SNR.
4.2 Bubble Size Distribution
We next demonstrate that we can recover the BlueTides
Bubble size to UV magnitude correlations by performing
stacks of 30 galaxies using the same bootstrap sampling
method as section 4.1. We then compare the properties of
the resulting Gaussian fits with the true bubble sizes in
the simulation. We include samples from redshifts z = 11
(XHI = 99.7%,Mcut = 21.03), z = 10 (XHI = 98.2%,Mcut =
−20.90) z = 9 (XHI = 90.1%,Mcut = −20.75) and z = 8
(XHI = 66%,Mcut = −20.59) to test different stages of the
EoR. Each stack of 30 images has a single fit depth and
width, as well as a true mean bubble radius calculated from
the ray tracing method described in section 2. The correla-
tions between these quantities are plotted in Figure 9.
As shown by the z = 8 results, this method is best
applied before the overlap phase of the EoR, when higher
amounts of asymmetry smooth out the profiles, and the re-
lationship between the width and depth of the stacks and
bubble size distribution flattens. Similarly, if we stack at
z = 11 where bright galaxies do not necessarily reside in large
ionised regions, the stacked image is dominated by the dense
neutral regions surrounding the galaxies rather than ionised
bubbles, resulting in a fit approximately ∼ 7 cMpch−1 wide
with a positive height of ∼ +3 mK.
At redshifts 9 and 10, where the fit width is linearly
prorportional to bubble radius, fitting a simple linear model
to this relationship results in a slope of
σρ
|R | ≈ 0.80. The
slope within each redshift group is flattened slightly by the
random sampling, since each galaxy sample contains HII re-
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Figure 9. Gaussian fit parameters versus mean HII region radius
for various galaxy samples at z = {11, 10, 9, 8} within BlueTides.
Top: Gaussian fit amplitude. Bottom: 1σ Gaussian width. There
are clear relationships between the width and depth of the fits
and the bubble sizes. The best fit linear realationship between
bubble radius and fit width at redshifts z = 9 and z = 10 is shown
as a dotted line.
gions from a wider range of radii that are averaged within
each stack before fitting. While the depth of the fits is corre-
lated with bubble radius, it is explicitly dependent on IGM
density, spin temperature, and redshift (see equation 1). Be-
cause of this, we only present the relation between fit width
and mean bubble radius.
4.3 Correlation of Stacked Image Properties with
UV Magnitude
This section details the correlations between galaxy magni-
tudes, and the resulting stacked 21cm brightness temper-
ature profiles. We bin galaxies based on UV magnitude,
and create stacked 21cm observations within each bin us-
ing the method discussed in section 2.1. The resulting radii
and depth of the profiles at redshift 9 are compared with
galaxy UV magnitude in Figure 10.
We find that fitted profiles have lower depths and widths
for galaxy samples with lower luminosity recovering, the
trends in Figures 4 and 9. On average, galaxies of abso-
lute UV magnitude -24 (-21) are hosted in ionised regions
of radius 5.8 (4.1) Mpc which, when stacked with simulated
SKA1-low thermal noise for a 1080h observation, are fit to
Gaussian profiles of depth -12 (-9) mK and (1σ) width 4.7
(4.0) h−1cMpc respectively.
The correlations between galaxy properties and HII re-
gions imply that stacked 21cm observations could be used to
probe the contribution of different galaxies to the reioniza-
tion of the Universe. However, distinguishing between reion-
ization models using stacked 21cm images will require suf-
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Figure 10. Top: 21cm brightness temperature slices of 30 stacked
galaxies, where the samples were chosen based on UV magni-
tude. Dimmer galaxies reside in visibly smaller HII regions. Bot-
tom: Gaussian fit parameters for binned galaxy samples. Brighter
galaxies result in significantly deeper and slightly wider stacked
profiles. Vertical errorbars are 1σ variation in the fit parameter,
horizontal errorbars cover the magnitude bins, with points at the
average UV magnitude in each bin.
ficiently high SNR detections, so that the properties of the
images correlate with the statistics of the EoR, and not with
noise in the image.
4.4 Spin Temperatures
The spin temperature evolution is determined by the his-
tory of the first sources of Lyman alpha, UV and X-ray
photons. In this section we show that stacked 21cm images
could distinguish between positive and negative brightness
temperature cases. We test two models of spin temperature.
In the first model, the IGM spin temperature is saturated
(Ts >> TCMB in equation (1)), and the IGM is emitting at
its maximum value. The second model follows the ’Bright
Galaxies’ case presented in Mesinger et al. (2016), where
the IGM is seen in absorption for z ≥ 9.
In Figure 11, we show the slices and fit parameters in
each spin temperature case, for up to 100 stacked images
at redshift 10, using SKA1-low thermal noise described in
Section 3.2. In the unsaturated case, the IGM is in net ab-
sorption of 21cm photons, and the brightness temperature of
neutral hydrogen at mean density is -41.6 mK. Each stack is
detected at over 5σ with 30 stacked images, indicating that
such observations could distinguish between these two cases.
The depth of the stacked profiles is linearly proportional
to the spin temperature. As a result, distinguishing between
IGM in emission or absorption will be possible with these
measurements. However, a more precise measurement of the
spin temperature will be more difficult using this method,
saturated unsaturated
100 101 102
−20
0
20
A
m
p
li
tu
d
e
(m
K
)
saturated unsaturated
100 101 102
N galaxies
0
2
4
6
8
10
w
id
th
(c
M
p
c
h
−
1
)
−4
−2
0
2
4
m
K
Figure 11. Top: Stacked brightness temperature slices in a sat-
urated (left) and unsaturated (right) IGM at z = 10, where the
central feature appears as a trough or peak in brightness temper-
ature respectively. Bottom: Gaussian fit parameters for stacks of
up to 30 images, comparing the saturated and unsaturated cases.
Distinguishing between these cases can be done with very few
galaxies. The width of the stacked HII profiles are distributed
almost identically in each case, however the profile depths have
opposite sign.
due to degeneracies with the distribution of sizes and shapes
of early HII regions. For example, a decrease in fit amplitude
may be due to smaller HII regions, more asymmetrical re-
gions, an increase in instrumental noise or foreground levels,
or a lower spin temperature.
5 THE EFFECTS OF RADIO FOREGROUNDS
Radio interferometers measure the angular component of the
21cm signal in Fourier space, and it is therefore most natural
to present observations of a 2D power spectrum, represent-
ing fluctuations on the sky, and along the line-of-sight, on
separate axes. Since our stacked profiles are approximately
Gaussian in real-space, so they are also approximately Gaus-
sian in the 2D power spectrum, centred on zero.
The EoR must be observed through radio foregrounds
which outshine the EoR signal by several orders of magni-
tude (Liu et al. 2014). Fortunately foregrounds tend to be
smooth in frequency, and occupy the low k | | region of fourier
space, although the inherent chromaticity of the telescopes
push the foregrounds into higher k | | regions, creating a fore-
ground ”wedge”. One strategy is to avoid the foreground
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wedge when making 21cm observations (Dillon et al. 2014).
However removal of the foreground wedge will result in the
loss of any signal inside of it.
To simulate foreground contamination in the wedge, we
remove portions of Fourier space in our image below a line
given by
k ‖ ≤ mk⊥ (4)
where
m =
DH0E(z)sin(θ)
c(1 + z) . (5)
Here D is the comoving distance to the observation, H0 is
the Hubble constant, E(z) ≡ √Ωm(1 + z) +ΩΛ, and θ is the
beam angle. We take the horizon θ = pi/2 as a conservative
limit. This is the maximum slope of the wedge for spectrally
smooth foregrounds (Liu et al. 2014), which at redshifts z =
{11, 10, 9, 8} is m = {4.07, 3.83, 3.54, 3.32} respectively. Fourier
mode bins that lie on this limit are down-weighted by a
factor equal to the proportion of their volume above this
line. We also consider models where the slope of the line is
multiplied by a factor 0 < q < 1, to represent scenarios where
foreground subtraction or other techniques reduce the area
of Fourier space dominated by foregrounds7 (for examples
of foreground mitigation techniques, see Chapman & Jelic´
2019). We show stacked profiles of 30 images at redshift 9, for
q = 1 and q = 0.5 in Figure 12. While a clear central trough in
brightness temperature exists in the more optimistic case, it
will be more difficult to detect ionised regions with maximal
foreground contamination, where the signal to noise ratio is
reduced to approximately 1.
Since most of the signal power for an ionised region is
at large scales in both perpendicular and parallel modes,
the amount of signal rendered unusable by foreground con-
tamination is roughly proportional to the slope of the wedge.
Comparing Gaussian fits for foreground models with 0 ≤ q ≤
1 in Figure 13, we can see that a significant amount of fore-
ground mitigation will be required to detect early ionised
regions with a stack of 30 redshifted 21cm images around
bright galaxies.
Figure 14 shows the signal to noise ratio (Equation 3)
obtained when stacking larger numbers of galaxies, with dif-
fering levels of foreground contamination at redshifts 10, 9
and 8. Increasing the number of galaxies improves the SNR
for low numbers of galaxies. However, as in the case of per-
fect foreground subtraction, beyond ∼ 100 galaxies there are
diminishing returns, because you will be stacking dimmer
galaxies which add less to the signal.
Tentative detections SNR > 1 could be achieved for
early ionised regions at redshift z = 9 with 100 galaxies
and full foreground contamination. However, for a detec-
tion with SNR greater than 2, partial foreground subtraction
will be required. An SNR of (2, 3, 4, 5) will require a frac-
tion of foreground contaminated Fourier space of at most
q = (0.8, 0.55, 0.45, 0.35) for less than 200 galaxies at redshift
z = 9.
7 A similar parameterisation of foreground contamination was
used in Hassan et al. (2019)
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Figure 12. Two foreground models at redshift 9, showing the
signal in cylindrically averaged Fourier space (top), and an x-z
slice through the centre of the stacked profile (bottom). We show
results for maximum foreground contamination, q = 1, and the
case where foreground subtraction methods decrease the horizon
slope by 50 % (q = 0.5).
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Figure 13. The effect of radio foregrounds contaminating differ-
ent regions of the 2D power spectrum. Each panel plots a Gaus-
sian fit parameter versus the slope coefficient of the foreground
wedge, where q = 0, represents the case of no contamination, and
q = 1 represents the case of maximal foreground contamination for
spectrally smooth foregrounds. Errorbars represent the standard
deviation of the fit parameters. Top: Amplitude of the Gaussian
fit. Center: 1σ width of the Gaussian fit, Bottom: Average signal
to noise for stacks at each foreground coefficient
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Figure 14. Signal to noise ratio (SNR) versus foreground level and number of galaxies stacked at redshifts 10,9 and 8. Contours from
right to left show SNR = (1, 2, 3, 4, 5)
6 CONCLUSIONS
We have used the Bluetides hydrodynamic simulation to
create mock observations of 21cm brightness temperature
stacked around the brightest galaxies in the simulation. We
have shown that stacking images of 21cm brightness tem-
perature centred around bright galaxies provides a promis-
ing way of detecting the first large cosmological HII regions
during reionization. Our main findings are as follows:
• The detection of HII regions can be achieved with im-
age stacks around relatively low numbers of bright galaxies.
For example, in an idealised case with no foreground con-
tamination, a 5σ detection could result from 30 galaxies at
redshift 9.
• Stacked profiles will provide an estimate of the mean of
the bubble size distribution, which could be recovered from
the width of stacked profiles.
• By binning sources according to their brightness, an es-
timate of the relationship between UV magnitude and bub-
ble size could be obtained.
• The sign of the brightness temperature of the IGM af-
fects the sign of the stacked profiles, which could be used to
distinguish between IGM that is in net absorption or emis-
sion of 21cm photons.
• With enough stacked images, HII regions could be de-
tected in the presence of foreground contamination. For ex-
ample, if 100 21cm images are stacked around the brightest
available galaxies in an SKA1-low field, a tentative 1.4σ de-
tection could be made with full foreground contamination
at redshift 9. However, if foreground subtraction reduces the
contaminated region of Fourier space by 50 (80) percent, a 3
(5)σ detection of early ionised regions can still be achieved
with the same number of galaxies.
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APPENDIX A: FIT SYSTEMATICS
In this appendix we first test the systematics of our fitting
process, and to justify our usage of the Gaussian fit ampli-
tude as our signal-to-noise metric. We apply the same sam-
pling and fitting method to random positions in the Blue-
tides volume, to examine the case of non-detection. Firgure
A1 shows that random pointings are fit very closely to zero
amplitude, and shows a very high variance in width, since
density fluctuations and noise can appear on different scales
near the center of the image. Since these widths include those
of the real HII regions, we only use the height of the profiles
to measure signal-to-noise.
We have also tested the convergence of the model for
different numbers of bootstrap samples of 30 galaxies. Figure
A2 shows that as more galaxy samples are taken, variation
in both the parameters and signal to noise ratio decreases.
However, both the parameters and SNR vary by less than
10% for 100 - 1000 galaxy samples.
The size of the sub-cubes that we stack has implica-
tions for the Fourier-space resolution when we add thermal
noise and foregrounds. To test how sub-cube size affects the
gaussian parameters, we compare stacks of sub-cubes of side
length 40, 80, 120 and 160 h−1cMpc. We show in Figure A3
that above 80 h−1cMpc, differences in parameters and SNR
remain under 10 percent.
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Figure A1. Fits around stacks of 30 bright galaxies and stacks
of 30 random pointings compared. Top panels: 40× 40× 5h−1cMpc
slices of stacked galaxy (left) and random (right) pointings. Mid-
dle: Gaussian fit amplitude for both galaxy and random pointings.
Bottom: Gaussian fit widths for both cases. Random pointings are
fit closely to zero amplitude, and show a wide range of widths,
consistent with noise.
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Figure A2. Fit parameters for different numbers of galaxy sam-
ples. Top: Gaussian fit amplitudes. Middle: Gaussian fit widths.
Bottom: signal to noise ratios, where the shaded area represents
the 95th percentile limits of SNR when the process is repeated
many times. As more galaxy samples are taken, variation in pa-
rameters and SNR decreases. However, variation in SNR remains
under 10% for 50 - 1000 galaxy samples
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Figure A3. Fit parameters from different size sub-cubes. Top:
Gaussian fit amplitudes. Middle: Gaussian fit widths. Bottom:
Signal to noise ratio. Results for sub-cubes larger than 803 cells
shows little change in both fit parameters and SNR
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